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What can go wrong in the power system?

Generator Outages Line Outages
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What Happens?

Frequency Variations
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What Other Problems Can Occur?

Under/over voltage
Load shedding

Line overloading

Transient instability of power or voltage



Resolving Contingencies and Other Problems

Considerations:

@ Transient stability

@ When to enforce security constraints

@ Minimize load shed or total energy cost?
Strategies:
FACTS devices (series)

@ Shunt capacitance/inductance (parallel)
@ Redispatch generation

@ Phase angle
°

Corrective Switching



Resolving Contingencies

Considerations:

@ Transient stability

@ When to enforce security constraints

@ Minimize load shed or total energy cost?
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@ How does an outage change the network solution?
@ How does corrective switching help?
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DC with Line Limits: Is Redispatch Enough?

All generators have Pg"® > 100 MW. Generator C is the cheapest;

A and B are the same price.
All lines have equal impedance

100 MW Line Limits on Power Transfer
G- LA/ B/ Gy 1 1
A-B: — 100 < gGA - gGB <100
25 MW 1 2
100 MW B-C: — 100 < 5G4 + 3Gg < 100
Gl 2 1
100 MW




DC with Line Limits: Is Redispatch Enough?

Contingency: Lose Generator C

100 MW _ _
Gr—( A (B Gg  With Redispatch Only:
25 MW Due to constraint on line A-C:
100 MW Maximum power is when
- Gg=75MW

Minimum load shed 25 MW
100 MW



DC with Line Limits: Required Redispatch plus Corrective
Switching

Switch line A-C out

100 MW
G- LA B Gy
'\\ 100 MW
N
100 MW

Switch line A-C out
Now, G4=100MW,; no load shed required
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Two Bus Network, at Normal Load

v,=0.900 20° v,=1.092 £15.3°

P1=80.6 P2=30

Q=17 $5$ Req = 0.042 $ Q,=-10

('\Gl\j 1) Xoq = 0.9 { 2 | 62 )
Pioss = 0.55 P,max="30
Qpes= 11.81 Q,min=-10

PP =110, QP = 40 Q"= 10



2 Bus Network, as Load Decreases: Power

Real Power Generation Reactive Power Generation
90 c 5 <
N 30-% N ‘ ‘ ‘ o 8
N o 8 W s §
\\ 50 & < 10 &

N 40 g—Pz \ 15 § ==Q1

N —— 08— 20 & —=—q2
NC 20 5 N, S 8
NG 10 2 NS 25 g
! T T T T 0 -30 3
1 08 06 04 02 0 - — 35 %

Fraction of Original Load Fraction of Original Load




2 Bus Network, as Load Decreases: Voltage

1 0.8 0.6 0.4 0.2
Fraction of Original Load

1.12
1.1

1.08
1.06
1.04
1.02

0.98
0.96
0.94
0.92
0.9

0.88

e==\/1_mag

e==\/2_mag

Angle difference stays at 15.3° until pp < 28.
Minimum and maximum voltage violations!




2 Bus Network: Does Corrective Switching Help?

b0 v,=0.899 £0° v,=1.1001 £13.7°
1= P,= 27.29
Q;=-30 $$$ Req = 0.042 $ Q,=-10.01
oo Xoq = 0.9 -
(61 '/D = @ {62
N / \ 2/ N
FJloss = 0.50 pzmax= 30
Qss= 10.69 Q,min=-10
PD =26.4, Q° = 9.6 Q"= 10
- =1.041,0° =1.099 £24.7°
P=0 v V2 P,= 26.95
Q=-3 $3% R, =0084  $ Q,= -9.99
ah PR Xoq = 1.8 &
(61} 1 = 2 )< (G2 )
N/ U T L ittt e U N2/
Ploss = 0.55 szaxz 30
Qloss= 11 8 szin= _10

PD =26.4, QD - 96 szax= 10



2 Bus Network: Behavior With and Without Corrective
Switching

Voltage Magnitude Voltage Angle
112 30
—————————————— ﬁﬁ—’ Lo “ % =
3
“ 1.08 e====\/1_mag \ gn
\ 20 @
\ 104 \ 2
\ e—\/2_mag 15 %n
\ H c
N 1 :
N\—e V1_mag, one ‘ 10 0
0.96 line out v s ‘—>6‘
= == \/2_mag, one q
0.92 line out
1 0.5 0
0.88 Fraction of Original Load
1 0.8 0.6 0.4 0.2 0
Fraction of Original Load e===\/2_ang == V2_ang

Corrective switching reduces the voltage magnitude difference,
allowing the voltages to stay within bounds.
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3 Bus Network: Generator

V,=1.098 £ 2.6°

P,= 222
Vi=1.004 £ Q,=-139.0

Voltage violations and nonsensical dispatch when

cannot be produced at bus 3!

Contingency

(G2
N

P,= 00
Q,= 982

V,=10.87 £-166°

V,=0.87 £ 0° 0.0
Py 262.8
(61 r Q3
A
P, =337 V, =087 £-52°
Q=271

PP =22,Q0 =8

real power



3 Bus Network: Corrective Switching with One Line

- (
‘62 Gl/l
€ P, =221

P,= 00
Q,= 982

V,=0.87 £-166° V,=1.100 £ 6.5°

V=087 £ 0° 0.0 V,=1.096 £ Py= 0.0
-~ Q,= 26238 0 Q;=-120.2
= 1 —— Q3 (61 oo @3
N/ A g
p, =337 V, =087 £ -52° P,=0 V= 1.100 £ 4.1°
Q=271 Q,=-53.3
PP=22 Q°=8 PP=22 Q=8

By removing one line, the voltage at each bus is raised. Reactive
power with corrective switching is lower than in the
pre-contingency case.



3 Bus Network: Corrective Switching with Two Lines

(One Connection)

P, P,
fe2) f62)
P,=221 1~ P,=222 1
Q,=-111.6 Q,=-119.3

V,=1.100 £ 6.5° V,=1.100 £ 9.5°

P,= 0.0

P;= 00  V,=1.100 2
- 0° Q,=-84.6

V,=1.096 £
o Q,=-1202 p
- 1 - Q3 (61} pomsmemimomsmenm Q3
- oV
P,=0 V,;=1.100 £ 4.1° P,=0 V;=1.095 £ 9.5°
Q,=-53.3 Q,=-255
PP =22, Q=8

PO=22, QP =8
Removing an additional line increases the voltage angle difference

between 1 and 2 and 1 and 3. Reactive power drops at nodes 1

and 3.



Conclusion

Switching out a line has a number of effects ...
@ Modifying the admittance of the network
@ Change voltage magnitude

@ Change voltage angle
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Dealing with MIP Complexity: Switching Sequence

@ Opening and closing circuit breakers takes time
@ Want to keep the system stable at all times

@ Return a switching sequence, not just sets of lines to
open/close

@ Extra benefit: reduces solution time greatly



ACOPF IV Rectangular Formulation

Ik = 8nmk (v —v}) — bamk V,’, — v’,;, Line Current Defn
iirmk = bpmk (qu - V,;) + &nmk Vrj1 - VJm

Ifr? = ka ir;mk + gnOVr’_; - bnOV{7

in = ka i{'ymk + gnOVfr + bnoVv),

(vmin)® < (vi)? + (Vg)Q < (umoxy?
(

N
i)+ (i) < (i Line Current Limits
pS = Vit + vhil + pb Generator Production
qS = vhis — viih+ qP
p&min < pS < p&rmax Gen. Production Limits
G



Proposed Approach

Set Initial
Fixed Points
y
Solve L.P , ﬁC FeaS|b.Ie Yes Return
Approximation r at Iteration :
- Solution.
Limit?

No

Add voltage ighten Reset fixed points
and current <—Stepsize o LP optimal

cuts Restrictions olutions |




ACOPF IV LP Corrective Switching Modifications

u, = real power load shed at bus n
w, = reactive power load shed at bus n
¢y = cost of real power load shed at bus n

¢y’ = cost of reactive power load shed at bus n



ACOPF IV LP Corrective Switching Modifications

Min > clun+ ¥ Wa+ Y Eic(1 = Znmi)
n

nmk

G,approx __ -r % r /) : A'-J D
pGrapprox g/n+v/7/{,+vn/,§+v{,/n—(,C/[,—i—v,’,/,, +pP — u,

G,a rox_A'- e i 7 rj i 4 N D
an i - ij'lln - VrrJ’IJ1 + V%I’r’; — Vpln — (VIJ7’rrJ - Vrrrln + dn — Wn

<

OSUHSPE
0<w,<qP



Impact of Transmission Constraints

Very Low Congestion High Congestion
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The Impact of Transmission Switching: Low Load

Gen A MW

Gen B MW | Gen C MW | Total Cost

Original

180

30 40 $ 20,000

$100/MWh
Gen B

A |$50/MWh
Gen A

$200/MWh
Gen C

Load: 250MW

Original Feasible Set

Gen A

150MW 180MW 200MW



Pi(n.m) = Va&k(n.m) — VnVim (& + k(n, m)cos(6m) — bi(nm)sin(0ns
Ik(n,m) = —v,%(bk(,,vm) + bih) + UnUmbi(n,m)c0s(Onm) — VnVim&i(n,m)Sin(0;
Pk(n,m) = V&k(nm) — VnVm (& + k(n, m)cos(Onm) + bi(n,m)sin(On
Tk(mn) = —v,f(bk(mm) + bi") + UnUmbi(n,m)€0S(Onm) + VaVmEi(m,n)Sin(0:



The Impact of Transmission Switching: Low Load

Gen A MW | Gen B MW | Gen C MW | Total Cost
Original 180 30 40 $ 20,000
Open Line A-B 200 50 0 $ 15,000

$200/MWh

$100/MWh Gen C Original Feasible Set |
¢ C Feasible set with
Load: 250MW oMW Line A-B switched off
oad:

50MW

30MW

A |$50/MWh
Gen A

Gen A

150MW 180MW 200MW




Convex Constraints: Visualization

Vm ax

Voltage

Actual Feasible
Region

imax

Approximated
Feasible Region

Current

New
Constraint

Solution




Trust Region Methods

Vmax Vmax
n r ~r n
—a P <v,—-VvV,<a o3
max . . max
_aqn J_ () n
a o3 <v,—1¥,<a o3

Restricting nodal voltages also restricts
line and nodal currents. If § = a“25-, we
can state the error bounds of p, and g,.

|Pn = P3PP*| < 46% (gnnl + [ ban)
|an — 3P| < 462 (Ignnl + |ban])




Nonconvex Constraints: Inner Voltage Constraint

Original
(Vi) + (v{;)z > —yvielt 4 (v,’,""")2

Linearization:

~

A_ . _ . 2
Vv VIV R > (v




Dealing with MIP Complexity: Reducing Lines Under
Consideration

Economic Criteria: Liu [4]

@ Solve a fixed network DCOPF

@ Enforce N — 1 reliability for
switched lines
e Create a priority list (two different
criteria) N — 1 reliable
e Smallest change in congestion of
monitored lines
o Greatest decrease in dispatch
cost

Not N — 1 reliable



Dealing with MIP Complexity: Reducing Lines Under
Consideration - Liu [4] Results

9.00% Cost 050, CPU
reduction time (s)
% 0,
8.00% (%) 0.40
7.00% 4
6.00% 030
5.00% 4 =& Strategy A 0.20
4.00% 1 =~ Strategy B
3.00% 4 . 0.10 4 r’.’*-'.—__.
Number of switchable branches Number of switchable branches
2.00% r T 0.00 T
Q 4 8 12 16 0 4 8 12 16

Fig. 3. Cost savings and CPU times in the case of RTS96 system.



Literature Gaps

AC feasibility from the start

AC Network changes with lines/generators out
Reactive support ignored

Localized Stability

Robust analysis of cascading failures

Increasing line ratings temporarily



Plan: Solve with AC feasibility

Address
o AC feasibility from the start
@ AC Network changes with lines/generators out
@ Reactive support ignored
@ Localized Stability
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Power Networks
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Linear Constraints

i ke = Gnmk (Vi — Vi) — bamk (v — V1)
ij bnmk (Vr: - 1;1) + 8nmk (Vé - V{n)

nmk —

r r r j
In = E Inmk + 8n0Vp — b,,ov{,
mk

i = Z o+ 8oV + bnov)y
mk

- - N
If line zpmy is out, iy =0, i =0.



Convex Constraints: Formulation
Original:

(Vi) + ()" < (v )P + vyl
SN2 ,
Cn)? + (k) < zom i + i
Initial (Preprocessed) Linearized Constraints:

Y -2 ~ . ’\.f 2 .
o ‘/,\1/1017 + (Vr;nm) < V,CV,C'C + ‘/;/1‘/’/7 < (VrTax) + V,\7/IO/,+
.r f\ max\2 .viol ,+
Inmklnmk + Inmk nmk < Znmk ( nmk) + Inmk

Iterative Constraints:

viol ,— min\ 2 ~rarh J~jh max\2 viol .+
— Vi + (Vn ) S nVn + VaVa S (Vn ) + Vi
-r  “rh . %jh max\2 .viol ,+

lnmk lnmk + Inmk Inmk S Znmk ( nmk) + nmk



Nonconvex Constraints: Real and Reactive Power

Original:
G rer D
Pn = Vplp + V{11{7 + P
G j -r rej D
an = V)i _Vn’{r+qn

nn

Linearization: 1°t Order Taylor Series Approximation
PP = Gyt i+ il -+ vidh — (Vi + vhil) + o8

y
n

G,approx _ j:r o i % ri i ~ D

qs 2P = viin — i+ viiy = viih — (vhiy = Vih) + af



